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CHAPTER I 
INTRODUCTION 
A. General 
The 1963 AISC Specifications for structural joints using high-
strength bolts recommend: 
Holes may be punched, subpunched and reamed, or drilled 
as required by the applicable code or specification and 
shall be a nominal diameter not more than 1/16 inch in 
excess of the nominal bolt diameter. I* 
Construction time, cost and effort could be greatly reduced if 
the holes were punched or drilled with a diameter in excess of the 
recommended value. The restriction of a nominal hole diameter of 
1/16 inch greater than the nominal bolt diameter imposes an almost 
perfect alinernent between structural members. Sometimes natural 
conditions such as the exposure of one side or" the structur_e to the 
sun or cold winds may cause expansion or contraction of members and 
prevent that exact fit which is ne3ded. With the hole size as it now 
is, steel fabricators must preconstruct structures to be sure that 
the joint's holes will line up properly on the construction site. 
With a larger hole size it may be possible to eliminate this process 
and save time and money. 
*Superscripts refer to entries in the bibliography. 
B. Review of Previous Work and Investigations 
2 
Various studies have been made to analyze the behavior of 
high-strength bolts and bolted joints when the bolts were installed 
in holes larger than their diameter. Early laboratory and field 
tests at the University of Illinois indicated that high-strength 
bolts could be installed in holes with diameters up to 1/16 inch 
larg-er than the nominal bolt diameter without affecting the strength 
of the joint.2 Later, in 1949, Hechtman3 conducted a study at the 
University of Washington on the effects of oversize on the slip be­
havior of structural joints. In this study 63/64 inch diameter high­
strength bolts were used. The hole clearance varied from 1/64 inch 
to 1/16 inch. The results of this study showed that the amount of 
oversize had very little effect upon the shearing stress at first 
major slip. From results such as these the Research Council on 
Riveted and Bolted Structural Joints permitted a bolt hole clearance 
of 1/16 inch in their first specification issued in 1951. 
In 1968, Allan and Fisher4 reported on studies they had 
conducted on hole clearances at Lehigh University. In their study 
one-inch diameter A3 25 high-strength bolts were used in joints with 
hole clearances from 1/16 inch up to 5/16 inch. The results of this 
study indicated that the average slip coefficient for joints with 1/4 
inch hole clearance was about the same a� the average slip coefficient 
for joints with 1/16 inch hole clearance. 
· Various studies have been made to determine the relat_ionship 
between hole clearance and bolt tension. In 1948 Ke11y5 reported 
3 
that an increase in the hole clearance reduced the effective bearing 
area, thus limiting the amount of tension that could be sustained in 
the bolt. He concluded that .. the allowable oversize could be a function 
of the bolthead size. 
Chesson and Munse6 also studied the effects of hole clearance­
on the tension in bolts. In their study, 3/4 inch diameter high­
strength bolts were used in holes with clearances up to 1/8 inch. The 
joints were assembled both with and without washers under the nut, and 
both finished and heavy nuts were used. This investigation showed 
that the hole oversi�e of 1/8 inch had very little effect on the 
tension of the bolt when a finished nut �tlth a washer under it was 
used. rlhen the heavy nuts were used in a similar manner, a slight 
decrease in bolt tension was noted with the 1/8 inch oversize, though 
the tension never dropped below the minimum required. 
Allan and Fisher4 also observed the effects of hole clearance 
on bolt tension. They were able to obtain the minimum tension re­
quired in the one-inch bolts without difficulty with hole clearances 
up to 5/16 inch. However, the relaxation rate was found to be higher 
in the joints with 5/16 inch hole clearance compared to that in the 
joints idth 1/16 inch hole clearance. 
C. Object and Scope of Investigation 
The main objective of this study was to determine the effect 
of an increased hole diameter on the structural behavior of high­
strength bolted connections. This study was limited to 3/4 inch 
diameter and 7/8 inch diameter bolts. 
4 
Both butt and lap joints were considered in this investigation.­
Joints were made with a hole diameter 1/16 inch, 1/8 inch, 3/16 inch 
and l/4·inch greater than the nominal bolt diameter. Two bolt sizes 
were used along with varying plate thicknesses. To insure accurate 
results, each test was repeated three times. 
CHAPTER II 
TFSTIID PRffiRAM 
A. Materials and Test Specimens 
As an experimental check to the proposed oversize of holes, 
forty-nine specimens were tested in the Civil Engineering Labora­
tories at South Dakota State University. The Egger Steel Company 
and the Hassenstein Steel Company fabricated and donated all the 
specimens used in this study. Figures 1, 2a and 2b illustrate the 
geometrical layout of the lap and butt joints used. 
The steel was supplied as shown in Table 1, and throughout 
the experirnent all joints were assembled with AS™ A-36 structural 
steel. Each specimen was assembled using two 3/4 inch or two 7/8 inch 
diameter ASTM A325 high-strength bolts to connect two plies of plates 
in the lap joint and three plies of plates in the butt joint. 
The joints were divided into groups according to hole size, 
bolt size and joint type. The tests were repeated three times for 
each combination. AISC specifications were followed in the design 
and fabrication of the joints except that the hole size was varied. 
The size of the joints was limited by the laboratory equipment avail­
able. Test specimen dimensions are given in Table 1. 
B. Bolt Tightening Procedure 
Both 3/4 inch diameter and 7/8 inch diameter A325 high strength­
bolts were used in this study. The 3/4 inch bolts were tightened using 
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Figure 1. Geometrical Layout for Lap Joint 
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TABLE 1 
Dimensions of Test Specimens 
Specimen Bolt Hole Over- Joint No. 
Group Size Size size Type Speci- w b 
in. in. in. mens in. in. 
161 3/4 13/16 1/16 Lap 3 8 1 7/8 
162 3/4 14/16 2/16 Lap 3 8 1 7/8 
163 3/4 15/16 3/16 Lap 3 8 1 7/8 
164 3/4 16/16 4/16 Lap 2 8 , 1 7/8 
B61 3/4 13/16 1/16 Butt 3 9 1 7/8 
B62 3/4 14/16 2/16 Butt 3 9 1 7/8 
B63 3/4 15/16 3/16 Butt 3 9 1 7/8 
B64 3/4 16/16 4/16 Butt 3 9 1 7/8 
171 7/8 15/16 1/i6 Lap 3 9 2 1/8 
172 7/8 16/16 2/16 Lap 3 9 2 1/8 
173 7/8 17/16 3/16 Lap 3. 9 2 1/8 1'73 7/8 17/16 3/16 Lap 4 9 2 1/8 
174 7/8 18/16 4/16 Lap 1 9 2 1/8 
B71 7/8 15/16 1/16 Butt 3 9 2 1/8 
B72 7/8 16/16 2/16 Butt 3 9 2 1/8 
B73 7/8 17/16 3/16 Butt 3 9 2 1/8 
B74 7/8 18/16 4/16 Butt 3 9 2 1/8 
Remarks: Dimension symbols are given in Figures 1, 2a and 2b'. 
Dimensions 
s e g t 
in. in. in. in. 
- 2 7/8 2 1/4 3/8 - 2 7/8 2 1/4 3/8 - 2 7/8 2 1/4 3/8 - 2 7/8 2 1/4 3/8, 
2 1/8 'j 7/16 2 1/8 3/8 
2 1/8 3 7/16 2 1/8 3/8 
2 1/8 3 7/16 2 1/8 3/8 
2 1/8 3 7/16 2 1/8 3/8 
- 3 3./16 2 5/8 7/16 . - 3 3/16 2 5/8 7/16 - 3 3/16 2 5/8 7/16 - 3 1/8 2 3/4 7/16 - 3 3/16 2 5/8 7/16 
2 5/8 3 3/16 2 5/8 1/2 
2 5/8 3 3/16 2 5/8 1/2 
2 5/8 3 3/16 2 5/8 1/2 
2 5/8 3 3/16 2 5/8 1/2 
00 
9 
the calibrated wrench method, and the 7/8 inch bolts were tightened 
.using the turn-of-nut method. Both methods meet AISC specifications • 
. To calibrate the wren.ch in the calibrated wrench method, three 
bolts were picked at random from the bolts being installed. A 
Skidmore-Wilhelm Calibrator was used to measure the tension that 
developed in the bolt being tightened. With this device, the tension 
developed by a given torque co't1.ld be measured. Figure 3 shows a view 
of the Skidmore-Wilhelm Calibrator and the torque wrench used. Each 
bolt was placed in the calibrator with a hardened washer under the 
nut. A washer was used under the nut to insure similar friction 
conditions between the nut and the bearing surface. The bolt was 
tightened until the minimum tension as specified by AISC was placed 
on the bolt. At this point the torque was recorded. Three bolts 
were tightened in this manner, and the maximum. torque needed to 
obtain the mirrlmum tension in this series was used. This torque 
was then used to tighten all of the 3/4 inch bolts used in this 
study. 
The 7/8 inch bolts were tightened using the turn-of-nut 
method. This method requires that the nut be turned one-half turn 
from "snug tight. 11 Snug tight is defined as the tightness attained 
by the full effort of a man on an ordinary spud wrench. This tight­
ness insures that at least the minimum tension is attained in the 
bolt. In the experiment the two bolts were placed in the specimen 
with washers und�r the nut. The bolts were tightened to snug tight 
10 
Figure 3. Vi of Skidmore-Wilhelm Calibrator and Toraue Wrench 
11 
using a heavy wrench. The extra one-half turn was obtained by using 
a large torque wrench. 
C. Preparation of. Lap Joints (L series) 
The lap joint specimens using 3/4 inch diameter bolts were 
composed of two 8 x 3/8 x 10 inch longitudinal plates. Each plate 
was shear cut to specified dimehsions. Depending upon the hole size, 
the holes were punched or drilled. Those of odd sixteenth inch size 
were punched and the remainder were drilled. These lap joints using 
3/4 inch diameter bolts were designated 161, 162, L63 and L64, de­
pending upon the hole oversize. The first digit was used to designate 
a lap joint, the second digit designated the bolt size in eighths of 
an inch, and the third digit designated the hole oversize in sixteenths 
of an inch. 
The lap joint specimens using 7 /8 inch ·diameter bolts were 
composed of two 9" x 7/16 11 x l' -- 3 5/8 longitudinal plates. These 
specimens were fabricated in the same manner as the L6 series. They 
were designated 171, 172, 173 and 174 depending upon the hole over­
size. The digits in this series have the same meaning as in the 16 
series. To illustrate this notation, the 173 specimen is a lap joint 
with a 7/8 inch diameter bolt and a 3/16 inch hole clearance. 
Before assembly, the plates were cleaned with a petroleum 
distillate solvent to remove any grease or other foreign material. 
The joints were then assembled and aligned. The 3/4 inch diameter 
A325 high-strength bolts were installed with hardened washer·s under 
12 
each nut. The calibrated wrench method was utilized to tighten these 
bolts. The 7/8 inch diameter A325 high-strength bolts were also in­
stalled with a hardened wash.er under each nut, and the turn-of-nut 
method was employed to tighten the bolts in the L7 series. 
D. Preparation of Butt Joints (B series) 
The butt joint specimens·using 3/4-inch diameter bolts were 
composed of two 9" x 3/8" x 1' - 1 1/4 longitudinal lap plates with 
one 9" x 3/4" x l' - 2 7/8 longitudinal plate in between. The two 
outside plates were shear cut and the interior plate was torch cut. 
to specified dimensions. Ea.ch set of three plates was provided 
with three sets of two holes as shown in Figure 2a. This arrangement 
made it possible to use each set of plates three tin1es and thus pro­
vided for some economy. Hole sizes again detennined whether holes 
were punched or drilled. The holes of odd sixteenth size were punched 
and the rest were drilled. These specific joints were designated B61, 
B62, B63 and B64 depending upon the hole oversize. In this group 
the first digit designated a butt joint and the second and third digit 
designations were the same as in the L6 and L7 series. 
The butt joint specimens using 7/8 inch diameter bolts were 
composed of two 9" x 1/2" x l' - 11/4 longitudinal lap plates with 
,, 
one 9" x l" x 1 1 - 2 7/8 longitudinal plate in between. All the 
plates were torch cut to specified dimensions. Each set of three 
plates was fabricated with two sets of two holes as shown in Figure 
2b so they could be used twice. Two sets of holes were used.for this 
13 
series instead of three because of size limitations. The holes were 
fabricated as in the B6 series. These joints were designated B?l, 
.. 
B72, B73 and B74 depending upon the hole oversize. The digit desig-
nations were the same as for the B6 series. To illustrate this 
notation, B73 designates a butt joint with a 7/8 inch diameter bolt 
and a hole with 3/16 inch clearance. 
A cleaning process identical to that used on the lap joints 
was employed to remove any grease or other foreign material. The 
joints were then assembled and aligned. The bolts in the B6 and 
B7 series were installed in the same manner as in the 16 and 17 
series respectively. 
E. Apparatus and Testing Procedure 
A 100,000 pound capacity, screw-type, unive�sal testing machine 
utilizing a three bolt jig was used to apply the load to the 16 
specimens. Figure 4 specifies the testing arrangement for the 16 
series. Figure 5 shows a view of a specimen in the testing machine. 
Because the capacity of the universal testing machine was ex­
ceeded for all butt joints and those lap joints assembled with 7/8 
inch bolts, a lever-type device was designed to test these specimens. 
This device used a 200,000 pound hydraulic jack and developed a 
capacity of 400, 000 pounds, and the specimens were secured in this 
device by a two bolt jig. Figure 6 shows the testing arrangement 
for the L?, B6 and B7 series, while Figure 7 pictures a view of a 
specimen in the testing device. 
226904 SOUT.H DAKOTA STATE UNIVERSITY LIBFfAlt'l 
/ 
Loading Head 
Figure 4. Testing Arrangement Layout for 16 Joint,s 
14 
Figure 5. Gener 1 View 0£ Test Setup for L6 Specimens 
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Figure 6. Testing Arrangement Layout in Lever-Type Device � °' 
Figure ?. View of Testing Setup in Lever-Type De vice 
17 
18 
Due to space limitations and the laboratory equipment available, 
relatively small specimens were used. Two bolts were used so that any 
interaction between bolts could be noted. 
All of the specimens were instrumented so that joint slip as 
well as joint elongation could be observed and recorded. Slip and 
vertical elongations were measured with 1/1000 inch dial gages. The 
dial gages were attached to th� main plate by means of a high-strength 
magnet. The end of the sliding rod arrangement rested against a steel 
arm attached to another high-strength magnet located on the lap plate. 
From this setup, slip could be detected and joint elongation observed. 
Figures 5 and 7 illustrate the test setup and the instrumentation used. 
A similar testing procedure was followed for all the specimens. 
The specimens were placed in the machine so that the loads were 
applied evenly to the two bolts in the test joint. The load was 
applied in approximately 5000 pound increments throughout the test. 
At each load increment the elongation was read, and the dial gage was 
observed closely to determine the slip behavior of the joint. When 
major slip occurred, the elongation and load were read and recorded. 
After slip, the loading was continued until either the net section 
between the bolts broke or the bolts sheared. This ultimate load was 
recorded. 
After failure, the joint was carefully removed from the testing 
machine and inspected. The fractured surfaces and the deformation of 
the holes were observed. 
CHAPTER III 
TEST RFSULTS 
A. Results of the Friction-Type Joints 
The slip resistance of a bolted joint is a function of its 
slip coefficient and the bolt preload. The slip coefficient has been 
defined as: 7 
where 
K = slip coefficient 
Ps = slip load 
N = number of slip planes 
Ti = total initial clamping force 
The total clamping force was taken as the sum of all of the 
·minimum bolt tensions in each joint. The slip coefficients for each 
of the joints are summarized in Tables 2 and 3. 
The load-slip response of the joints with oversized holes 
can best be described by means of a load versus joint elongation 
diagram as shown in Figure 8. As the load increases, the load-joint 
elongation curve progresses through four stages of elongation. 
Throughout Stage I, which was concluded by the major slip load of 
the joint, L1, the load-joint elongation relationship was almost 
linear. During Stage II, the joint slipped quite rapidly, although 
20 
TABLE 2 
Slip Behavior of Lap Joints 
Initial 
Bolt Hole Slip Slip 
Joint Size Oversize Load Coefficient 
{in} {in} (ki2s} 
1611 3/4 1/16 18. 60 .328 
1612 3/4. 1/16 20.50 . 361 
1613 3/4 1/16 20. 90 . 368 
Average 20.0 . 352 
1621 3/4 1/8 19. 10 . 337 
1622 3/4 1/8 19. 30 . 340 
1623 3/4 1/8 17. 80 . 314. 
Average 18. 73 . 330 
1631 3/4 3/16 18. 16 . 320 
1632 3/4 3/16 18. 55 . 327 
1633 3/4 3/16 19. 10 . 337 
Average 18. 60 . 327 
164 Values could not be obtained 
1711 7/8 1/16 27. 5 . 382 
1712 7/8 1/16 22.8 . 316 
1713 7/8 1/16 25. 0 . 347 
Average 25. 1 .347 
1721 7/8 1/8 29. 5  . 409 
1722 7/8 1/8 20.8 . 289 
1723 7/8 1/8 20. 8 . 289 
Average 23. 7 . 329 
1'731 7/8 3/16 29. 5 .409 
1'732 7/8 3/16 20.4 . 283 
1'733 7/8 3/16 20. 6 . 286 
Average 23. 5 . 326 
174 Values could not be obtained 
21 
TABLE 3 
Slip Behavior of Butt Joints 
Initial 
Bolt Hole Slip Slip 
Joint Size Oversize Load Coefficient 
{in} {in} {ki2s} 
B611 3/4 1/16 22. 8  . 402 
B612 3/4· 1/16 17. 1 . 302 
B613 3/4 1/16 19. 0  . 335 
Average 19.0 . 335 
B621 3/4 1/8 16 .. 0 . 282 
B622 3/4 1/8 19 .. 4 . 342 
B623 3/4 1/8 17. 1 . 302 
Average 18. 6  . 327 
B631 3/4 3/16 17. 4 . 307 
B632 3/4 3/16 20. 3  -358 
B633 3/4 3/16 16. 0 . 282 
Average 17. 9 . 316 
B64 Values could not be obtained 
B711 7/8 1/16 20.6 . 286 
B712 7/8 1/16 23 . 6  . 328 
B713 7/8 1/16 23. 6 . 328 
Average 22.6 . 313 
B721 7/8 1/8 23. 6 . 328 
B722 ?/8 1/8 23. 6 . 328 
B723 7/8 1/8 17. 7 .246 
Average 21. 6 . 300 
B731 7/8 3/16 · 23 . 6  . 328 
B732 7/8 . 3/16 17.7 . 246 
B733 7/8 3/16 20. 6 . 286 
Average 20.9 . 290 
B741 7/8 1/4 17.7 . 245 
B742 7/8 1/4 17. 7 . 245 
B743 7/8 1/4 17. 7 . 245 
Average 17.7 . 245 
ti) 
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70 
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Figure 8. Typical Load-Joint Elongation Relationship for 
Specimens 
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23 
there was very little increase in load until the load 12 was reached, 
.at which time the joint' went into bearing. The L2 load then,-marked 
the upper limit of Stage II. During Stage III, the load-joint 
elongation curve became almost linear again, until load 1
3 
was reached. 
Investigation of the faying surfaces of the joints indicated 
that damage to the mill scale s�rface was confined mostly to_the 
areas immediately adjacent to the holes. This is in accordance with 
the theory that the areas immediately adjacent to the holes or a 
bolted joint are the areas of highest contact pressure and therefore 
provide most of the slip resistance. 8 Figure 9 delineates the mill 
scale surface damage near the bolt holes. 
1. 16 series (Lap joints with 3/4 inch bolts) 
The three �ap joints using 3/4 inch diameter bolts of the 
L61 series, which had the nominal hole clearance of 1/16 inch, 
served as control specimens for this group. The average slip 
coefficient for these three joints was 0. 35. This value is in 
accordance with the slip coefficient of 0.34 which was obtained by 
Lee and Fisher,9 the slip coefficient of 0. 29 as obtained by Allan 
and Fisher,4 and the value of 0.35 as obtained by others.7, lO, ll, l2 
The test results of the 162 joints with 1/8 inch hole clearance 
showed a slight decrease in slip resistance when compared to that of 
the L61 tests. The average slip coefficient for the L62 series was 
0.33. Inspection of the faying surface showed that the pressure 
distribution in these joints was similar to the pressure distribution 
[63 
Figure 9. Typieal Mill Scale Damage on L6 Specimens 
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in the control joints, as can be seen in Figure 9. The mill scale 
. damage was more severe since the slip distance was greater. 
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In a similar fashion, the test results of the L63 joints with 
3/16 inch hole clearance showed a slip resistance of slightly less 
than the L61 tests and the same as the 162 tests. The average slip 
coefficient for the L63 series was 0. 33. Here again, because of the 
increase in the slip distance over that of the 161 series, a more 
severe mill scale damage was noted. Figure 9 shows the mill scale 
damage on the faying surfaces. 
The L64 joints with 1/4 inch hole clearance proved unsatis� 
factory. The hole was so large that only the corners of the bolt­
head were in contact with the plate. This condition made it difficult 
to obtain the required minimum tension in the bolt. 
-2. L7 series (Lap joints with 7/8 inch bolts) 
The.L71 series, which was composed of three lap joints using 
7/8 inch diameter bolts, and which had a nominal hole clearance of 
1/16 inch, served as the control specimens for this group. The 
average slip coefficient of this group, 0.35, was slightly greater 
than the 0. 34 value obtained by Lee and Fisher9 and the 0. 29 value 
obtained by Allan and Fisher, 4 though it was in exact accordance with 
the value of 0.35 obtained by various others. ?, lO, ll, l2 
Similar results were obtained in the tests performed on the 
L72 and 173 joints which had hole clearances of 1/8 inch and 3/16 inch 
respectively. Both the 172 and the 173 joints yielded a slip 
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coefficient of 0.33, which is again slightly less than that of the 
L 71 s.eries. Inspection of the faying surfaces showed that the pressure 
distribution was concentrated around the holes, as can be seen in 
Figure 10. 
In the L74 series, the 1/4 inch hole clearance proved un­
satisfactory, just as it had in the 164 series earlier. Here again, 
the hole was so large that th� contact area between the bolthead and 
the plate was at a minimum, thus making it almost impossible to obtain 
the minimum tension in the bolt. 
3. _, B6 series (Butt .joints with 3/4 inch bolts) 
Three butt joints using 3/4 inch diameter bolts and having a 
nominal hole clearance of 1/16 inch were designated as the B61 series 
and as such served as control specimens for this group. An average 
slip coefficient of 0.34 was obtained using the control specimens. 
This value can be compared to slip coefficients of 0. 34, 0. 29, and 
0. 35 which were obtained by Lee and Fisher, 9 Allan and Fisher, 4 and 
various others?, lO, ll, l2 respectively. 
The slip coefficient of 0.33 resulting from the use of the 
B62 joints with 1/8 inch hole clearance was slightly less than that 
of the control group. Inspection of the faying surfaces showed that 
the pressure distribution in the B62 group was similar to that seen 
in the control group. See Figure 11 for the pressure distribution of 
these connections. 
tl3 
Figure 10. Typical Mill Sc�e Damage on L 7 Specimens 
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Figure ll. Typical Mill Sca�e Damage on B6 Specimens 
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In a manner similar to the B62 series, the B63 j oints with the 
3/16 inch hole clearance showed a slip resistance which was less than 
that of either the B61 or the B62 joints. The average slip coef­
ficient for the B62 series was 0 .32. The condition of the faying 
surfaces showed the pressure distribution to be the same in the B62 
joints as it was in the B61 control joints. The pressure distribution 
around the bolt hole can be seen in Figure 11. 
The B64 joints with 1/4 inch hole clearance again proved un­
satisfactory. Thus, they were eliminated for reasons previously 
cited in connection with the 164 series . 
4. B7 series ( Butt joints with 7/8 inch bolts) 
The B71 series served as the control specimens for the B7 group 
of joints. This control series was comprised of three butt joints 
with 7/8 inch diameter bolts and having a nominal hole clearance of 
1/16 inch. The average slip coefficient for this control series was 
0.31. other slip coefficient values to which this value can be com­
pared are 0.34 obtained by Lee and Fisher,9 0. 29 obtained by Allan and 
Fisher,4 and 0.3 5  obtained by various others. ?,
lO, ll , l2 
The test results of the B72 joints with 1/8 inch hole clearance 
showed a slip resistance of 0.30 which was slightly less than that of 
the B71 series . The pressure distribution of these joints was again 
seen to be comparable to that of the control specimens , as based on 
an inspection of the faying surfaces. Figure 12 shows a comparison 
of the mill scale damage on the faying surfaces. 
B 7 ! 8 72 
B T3 B 74 
Figure 12 � fypical Mill Sc�le Damage on Fr/ Specimens 
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Similarly , the test results of the B73 series with the 3/16 
inch hole clearance showed a slip resistance of 0. 29 which was again 
slightly less than that obtained using B71 or B72 joints. Inspection 
of the faying surfaces showed that the pressure distribution in the 
B73 joints was comparable to that of the control specimens . Figure 
12 pictures the mill scale damage to the B73 joints in comparison 
to control joints B71. 
The slip resistance , 0. 24 , obtained from the test results 
of the B74 joints with the 1/4 inch hole clearance was somewhat less 
than that of the control group. The pressure distribution, as seen 
on the faying surfaces of this group, was again the same as that 
seeri in the control specimens. For an illustration of such , see 
Figure 12. 
B. Results of the Bearing-'Iype Joints 
All. of the joints used in the friction-type tests were also 
used in the bearing-type tests. After major slip occurred, the 
loading was continued until either the bolts in the joint sheared or 
the plates of the joint failed. Tables 4 and 5 show the ultimate 
shear stress for each specimen. 
1. L6 series (Lap joints with 3/4 inch bolts) 
The control specimens for the L6 series included three lap 
joints· using 3/4 inch diameter bolts which had a nominal hole 
clearance of 1/16 inch. Test results showed that the average ultimate 
shear stress for these three specim�ns was 78 .3  ksi. 
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TABLE 4 
Shear Behavior of Lap Joint s 
Bolt Hole Ultimate Ultimate 
Joint Size Oversize Shear Load Shear Stress 
{in} {in} {kins} {ksi) 
1611 3/4 1/16 69 . 06 78 .30 
1612 3/4 1/16 . 69 . 20 78 .40 
1613 3/4 1/1_6 69 . 24 78 . 50 
Average 69 . 16 78 . 30 
1621 3/4 1/8 69 . 62 78 . 90 
1622 3/4 1/8 70 . 17 79 . 55 
1623 3/4 1/8 69 . 58 78 . 85 
Average 69 . 86 79 . 00 · 
1631 3/4 3/16 70 . 10 79 . 45 
1632 3/4 3/16 69 . 20 78 . 40 
1633 - 3/4 3/16 70 .04 79 . 40 
Average 69 . 78 78 . 95 
164 Boltheads severely cut into plates 
1711 7/8 1/16 97 .· 4 81 . 0  
1712 7/8 1/16 100 . 2  83 . 3  
1713 7/8 1/16 103 .3  86 .0  
Average 100 . 3  83 . 3  
1721 7/8 1/8 98 . 7  82 . 2  
1722 7/8 1/8 100 .3  83 . 3  
1723 7/8 1/8 97 . 4  81 . 1  
Average 98 . 8  82 . 2  
1731 7/8 3/16 100 . 9  84 . 0  
1732 7/8 3/16 100 . 9  84 .0  
1733 7/8 3/16 95 .6  79 . 6  
Average 99 . 1  , , 82 . 4  
174 Boltheads severely cut into plates 
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TABLE 5 
Shear Behavior of Butt Joints 
Bolt Hole Ultimate Ultimate 
Joint Size Oversize Shear Load Shear Stress 
{in2 {in} {kiEs} (ksi} 
B611 3/4 1/16 155. 0 87 . 8  
B612 3/4 1/16 . 156. 0 88. 3  
B613 3/4 1/1? 149. 6 84. 6 
Average 153 . 6 87. 0 
B621 3/4 1/8 151. 6 85. 8 
B622 3/4 1/8 148. 6  84.1 
B623 3/4 1/8 150. 6 85. 2  
Average 150. 2 85. 1 
B63 1 3/4 3/16 145. 8 82. 5 
B63 2 3/4 3/16 148. 2 83. 9 
B6J3 3/4 3/16 151. 2 85. 6  
Average 148. 4 84. 1 
B64 Boltheads severely cut into plates 
B?ll 7/8 1/16 214. 4 89.3 
B712 7/8 1/16 215. 6 89. 8 
B713 7/8 1/16 212. 6 8 8. 6  
Average 214. 2 89.3 
B721 7/8 1/8 210. 2 87. 5 
B722 7/8 1/8 215. 4 89. 6 
B723 7/8 1/8 214. 4 89.3  
Average 213. 4 88. 8 
B731 ?/8 3/16 212. 8 88. ? 
B732 ?/8 3/16 219. 6 91. 5 
B733 7/8 3/16 218 . 0  90. 8  
Average 216. 8 90. 4 
B741 7/8 1/4 211 . 6 88. 1 
B742 ?/8 1/4 214. 0 89. 2 
· B743 7/8 1/4 215. 4 89. 7 
Average 213. 6 89. 0 
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The test results of the L62 joint series with 1/8 inch hole 
clearance showed an average ultimate shear stress of 79.0 ksi, which 
was slightly more than the L61 series. The 79.0 ksi i s  0.9% greater 
than the ultimate shear stress obtained in the L61 control group. 
This increase i s  quite insignificant and therefore can be disregarded. 
Similar to the L62 series, the test results of the L63 j oints 
with 3/16 inch hole clearance _showed an average ultimate shear stress 
of 79.0 ksi or 0.9% more than the control group specimens. Again, 
this increase is not significant. 
The three joints of the 164 series which had hole clearances 
of 1/4 inch did not prove satisfactory. With this oversize the bolt­
head was very near to· pul�ing through the plate before failure 
occurred. This condition can be seen in Figure 13. In one of the 
specimens the net section between the bolts was so severely reduced 
that it failed before the bolts sheared. 
In general , it can be said that the ultimate shear stress of 
lap joints assembled with 3/4 inch bolts is not greatly affected by 
hole clearances  of 3/16 inch or less. The variation in the ultimate 
shear stress values of groups 161, L62 and 163 was probably due to 
the inaccuracy in reading the load at the precise time that the 
failure occurred. 
2. L7 series (Lap joints with 7/8 inch bolts) 
Three lap joints using 7/8 inch diameter bolts and which had 
a nominal hole clearance of 1/16 inch served as the 171 control 
Figure 13 . Typical Hole Damage 
in L64 Specimens 
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specimens for this group. The average ultimate shear stress for this 
- control group was found to be 83 . 3  ksi. 
The results of the testing procedures run on the 172 joints 
with 1/8 inch hole clearance showed an average ultimate shear 
stress of 82 . 2  ksi.  This stress is 1. 3% less than the ultimate shear 
stress value obtained for the 171 control group. 
In a manner similar to- the 172 series, the test results of 
the 173 joints (3/16 inch hole clearance) showed an average ultimate 
shear stress of 82. 4 ksi, which is 1. 1% less than the control group 
specimens. Again, this loss is not detrimental to the joint and 
therefore can be disregarded. 
The three joints of the 174 series which had hole clearances 
of 1/4 inch did not prove satisfactory. Like the 164 joints, the 
boltheads very nearly pulled through the plate hole. Also, in the 
174 group, the net section between the holes was so severely reduced ­
that the specimen failed in the net section before the bolts sheared. 
Figure 14 illustrates the hole damage and the broken net section of 
this group. 
As a general observation, it can be said that the ultimate 
shear stress for lap joints assembled with 7/8 inch bolts is not 
greatly affected by hole clearances of 3/16 inch or less � The 
variation in the ultimate shear stress of the L71, 172 and 173 
groups was probably due to the difficulty in reading the load at the 
precise time that the failure occurred. 
L T4 
Figure 14 . Typical Hole Damage in 174 Specimens 
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3. B6 series (Butt joints with 3/4 inch bolts) 
The B61 group, comprised of three butt joints with 3/4 inch 
diameter bolts and which had a nominal hole clearance of 1/16 inch 
served as control specimens for the B6 series. In this instance, 
the test results indicated an ultimate shear stress of 87.0 ksi for 
three B61 specimens. 
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- An average ultimate shear stress of 85. 1  ksi was obtained using 
the B62 joints with the 1/8 inch hole clearance. This stress repre­
sents a loss of 2. 8% from that of the average ultimate shear stress 
obtained for the control group. 
In a manner similar to the B62 series, the B63. joint series 
witn 3/16 inch hole clearance showed an average ultimate shear stress 
value of 84. 1 ksi. This value represents an ultimate shear stress 
loss of 3 . 3% from that of the control group. .. 
Unsatisfactory results were obtained with the three joints of 
the B64 series which had hole clearances of 1/4 inch. With this 
amount of oversize, the bolthead was very near to pulling through the 
plate before shear failure occurred. This condition was not as 
severe as in the 164 joints, however. Figure 15 shows the hole damage 
in the B64 specimens. 
In general, it can be said that the ultimate shear stress for 
butt joints assembled with 3/4 inch bolts is not greatly reduced with 
hole clearances of 3/16 inch or less. Again, the variation in the 
ultimate shear stress of groups B61, B62 and B63 was probably due to 
Figure 15. Typical Hole Damage 
in J364 Specimens 
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the difficulty in reading the load at the precise time that the 
failure occurred. 
4. B7 series (Butt joints with 7/8 inch bolts) 
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The three joints of the B?l series which had a nominal hole 
clearance of 1/16 in9h served as control specimens for this B7 series. 
Test results showed that the average ultimate shear stress for the 
three B71 specimens was 89 . 0  ksi. 
Results of the tests on the B72 joints with the 1/8 inch hole 
clearance showed an average ultimate shear stress of 88.6 ksi. This 
stress was 0. 4% less than the average shear stress obtained for the 
B71 control group. 
Similar to the B72 series ,  the results of the B73 series with 
3/16 inch hole clearance showed an average ultimate shear stress of 
90. 0 ksi. This ultimate stress value is the same as that which was 
obtained for the B?l series. 
Testing of the B74 joints with 1/4 inch hole clearance re­
sulted in an average ultimate shear stress value of 88. 6  ksi. This 
value represents a loss of 0.4% from the ultimate shear stress of 
the control specimens. In this group of joints, the hole damage due 
to the cutting action of the bolthead was not as great as  it was in 
the 174 group. The hole damage for the B74 specimens can be seen in 
Figure 16 . 
Generalizing , it can be said that the ultimate shear stress 
for butt joints assembled with 7/8 inch bolts was not greatly reduced 
874 
Figure 16. Typical Hole Damage in 
Pr/4 Specimens 
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by hole oversizes of 1/4 inch or less. Any variation of the ultimate · 
. shear stress in groups B71, B72 , B73 and B74 could probably be attri­
buted to the difficulty in reading the load at the precise t:ime that 
the failure occurred. 
CHAPTER IV 
SUMMARY AND CONCLUS_IONS 
A. Summary of Results 
The results of the present oversize hole tests are summarized 
in the accompanying table . This table shows both the average slip 
coefficient and the average ultimate shear stress for the three or 
more specimens included in each specimen group. 
TABLE 6 
Summary of Results 
Average Average 
Specimen Hole Plate Slip Ultimate 
Group Oversize Thickness Coefficient Shear Stress 
in. in. ksi 
161 1/16 3/8 0. 352 78 . 3  
162 {I) 2/16 3/8 0.330 79 .0  :: +> 
163 (0 ,-f 3/16 3/8 0. 327 79 .0 {I) , o  
164 � '° m  4/16 3/8 Data unattainable 
•rl 
0 
L71 t--:, 1/16 7/16 0.347 83. 3 
L72 p.. {/) 2/16 7/16 0 . 329 82. 2 cd :: +> 
L73 ...:I (0 ,-f 3/16 7/16 0.326 82 . 4 , o  
174 r-- m  4/16 7/16 Data unattainable 
B61 1/16 3/8 0 . 335 87.0 
B62 {I) 2/16 3/8 0 . 327 85. 1 :: +> 
B63 {I) (0 ,-f 3/16 3/8 0. 316 84 . l  
� , o  B64 '° m  4/16 3/8 Data unattainable •rl 
0 
B71 +> 1/16 1/2 0. 313 89 . 0  
B72 +> {I) 2/16 1/2 0. 300 88.6 ::s :: +> 
B73 m (0 ,-f 3/16 1/2 0 . 290 89 .0  , o  
B74 t-- m  4/16 1/2 0. 245 88. 6 
Based on the preceding tabulated data, the following results 
can be stated : 
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1 .  The average slip coefficient o f  the friction-type butt or 
lap joint using 3/4 inch A325 high-strength bolts was 
reduced slightly with an oversize up to 3/16 inch . When 
the oversize was increased to 1/4 inch, the bolthead had 
very little contac� with the plate and it was difficult 
to obtain the minimum tension in the bolt. 
2. The ultimate shear strength of the bearing-type butt or 
lap joint using 3/4 inch A325 high-strength bolts was · not 
reduced to any significant amount with an oversize of up 
to 3/16 inch. Upon increasing the oversize to 1/4 inch, 
the boltheads cut into the plate to such a great extent 
that the heads almost pulled through the holes. 
3. The slip behavior of the friction-type butt or lap joint 
using 7/8 inch A325 high-strength bolts was not significant­
ly reduced with an oversize of up to 3/16 inch. When the 
oversize was increased to 1/4 inch, the minimum tension in 
the bolt was difficult to obtain because of the minimal 
contact area between the plate and the bolthead. Even 
when minimum tension could be obtained in the, specimens 
with 1/4 inch hole clearances, the slip coe.fficient dropped 
off severely from that of the control specimens. 
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4 .  The ultimate shear behavior of the bearing-type butt and 
lap joint using 7/8 inch A325 high-strength bolts was not 
affected to any significant amount with an oversize up to 
1/4 inch. However, with the 1/4 inch hole oversize, the 
bolthead cut into the plate and- in some of the specimens 
: almost pulled through the plates. 
B. Conclusions 
From the results gathered during the testing of the specimens, 
the following conclusions can be drawn: 
1. In the friction-type lap and butt joints using 3/4 inch 
diameter A325 high-strength bolts, it appears that the 
hole oversize can be increased to 3/16 inch without 
significantly reducing the slip coefficient of the joint. 
When the same joint is allowed to .go into bearing, it 
would seem that the same hole clearance would not 
significantly affect the ultimate strength of the joint. 
2. When using a 7/8 inch diameter high-strength bolt in a 
friction-type butt or lap joint, it appears that the hole 
oversize could be increased to 3/16 inch without a 
significant reduction in the slip coefficient. It also 
seems apparent that the ultimate shear strength of these 
same joints is not greatly affected br this same hole 
clearance. 
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3. Table 6 shows that the ultimate shear stress fo� lap joints 
is somewhat smaller than the ultimate shear stress for the 
butt joints. This may be attributed to the moment induced 
in the lap joint, which is caused by the eccentricity of 
this type of connection. 
4. Table 6 also indicates that the ultimate shear stress for 
the 7/8 inch bolt� is higher than the ultimate shear stress 
for the 3/4 inch bolts in both the lap and butt joints. 
This increase in the ultimate shear stress  is probably 
due to the differences in plate thicknesses used in the 
joints. 
§. As indicated in Table 6, a hole clearance of 3/16 inch 
will not significantly affect the structural behavior of 
jo�nts assembled with 3/4 inch or 7/8 inch diameter bolts. 
A conclusion of a similar nature was reached by Allan and 
Fisher9 in their study of the effect of a 1/4 inch hole 
clearance on joints assembled with 1 inch diameter bolts. 
C .  Recommended Areas of Future Studies 
The study of the behavior of oversized holes in high-strength 
bolted connections is relatively new and should be investigated more 
extensively in the following areas: 
1. The present studies have been limited to 3/4 inch and 7/8 
inch diameter bolts. It would be of great interest to 
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study the structural behavior of similar connections with 
larger bolts. 
2 . Until now, only static loads were applied to bolted 
connections with oversize holes. It is felt that this 
study should be extended to include the effect of fatigue 
loads on such connections. 
3 . In this study all _specimens were subjected to shear only. 
It might be of some interest to study the effect of .over­
sized holes on the structural behavior of connections 
subjected to combined tension and shear. 
4 .  Very little work has been done in this field using 
slotted holes. It is strongly recommended that this 
study be extended to determine the effect of slotted 
holes on the slip behavior of high-strength bolted con­
nections. 
5. In this study it was found that failure occurred due to 
the reduction of the net section when the oversize was 
excessive. It would be most advantageous if a study 
could be made to determine the minimum pitch and gage to 
be used with this . type of connection. 
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